Abstract: Using the recently derived NNLO cross sections [1], we provide NNLO+NNLL theoretical predictions for top quark pair production based on all the available NNLO PDF sets, and compare them with the most precise LHC and Tevatron data. In this comparison we study in detail the PDF uncertainty and the scale, m t and α s dependence of the theoretical predictions for each PDF set. Next, we observe that top quark pair production provides a powerful direct constraint on the gluon PDF at large x, and include Tevatron and LHC top pair data consistently into a global NNLO PDF fit. We then explore the phenomenological consequences of the reduced gluon PDF uncertainties, by showing how they can improve predictions for Beyond the Standard Model processes at the LHC. Finally, we update to full NNLO+NNLL the theoretical predictions for the ratio of top quark cross sections between different LHC center of mass energies, as well as the cross sections for hypothetical heavy fourth-generation quark production at the LHC.
Introduction
The total tt production cross section is an important observable at hadron colliders, which has been recently computed in full next-to-next-to leading order (NNLO) QCD [1] [2] [3] [4] . Thanks to a much improved control over higher order terms, including soft gluon emissions through next-to-next-to leading log (NNLL) [5] [6] [7] , scale uncertainties are now controlled down to the 2.2 (3) percent level at the Tevatron (LHC), enabling a number of precision phenomenology applications to SM and BSM physics.
In this work we present an in-depth study of the theoretical uncertainties that affect the total cross section computed with NNLO+NNLL precision. These uncertainties are the parton distributions of the proton, the value of the strong coupling α s (M Z ), the value of the top quark mass m t and the scale uncertainties from missing higher perturbative orders. We then compare the theoretical predictions with the most precise available data from the Tevatron and the LHC at 7 and 8 TeV. We also provide predictions for LHC at 14 TeV, as well as for the ratio of cross sections between 7, 8 and 14 TeV and for the production of heavy top-like fermions. Previous phenomenological studies of the total tt cross sections, based on different approximations to the full NNLO calculation were presented in Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
As a first phenomenological application of the full NNLO calculation we study the impact of top quark cross section data in the parton distribution analysis. Indeed, top quark production is directly sensitive to the large-x gluon PDF, which at present is affected by substantial uncertainties. In turn, large-x gluons play an important role in theoretical predictions of many BSM scenarios like gluino pair production [18] , high-mass Kaluza-Klein graviton production [19] [20] [21] , resonances in the tt invariant mass spectrum [22, 23] , quark compositeness in inclusive jet and dijet production [24] [25] [26] [27] and many others. The availability of the full NNLO calculation makes top quark pair production the only hadron collider process that is both sensitive to the gluon and can be consistently included in a NNLO PDF fit without any approximations. Hadronic constraints on the gluon PDF are provided also by inclusive jet and dijet production [28] [29] [30] [31] and isolated photon production [32, 33] , though these two processes are only known to NLO and affected by substantial scale uncertainties. 1 The focus of this paper is, on the one hand, to provide an up-to-date summary of the theoretical uncertainties on the total tt cross section, and on the other hand, to show how top quark data can be used to constrain the large-x gluon PDF. Indeed, unlike the Tevatron, top quark pair production at the LHC is dominated by gg scattering, thus providing a complementary probe of the gluon PDF. As shown in Table 1 , at the LHC the relative contribution of the gg subprocess is between 85% and 90% depending on the beam energy, withbeing about 10-15%, almost the opposite of the Tevatron. Table 1 . The relative contribution of the various partonic sub-channels to the NNLO+NNLL cross section for different colliders and collider energies, computed with the MSTW2008NNLO PDFs. We loosely label withthe sum of all processes without gluons in the initial state.
To illustrate the range of Bjorken-x's to which the top cross section is sensitive, the correlation [35] between the top quark production cross section and the gluon and the up quark PDFs is shown in Fig. 1 for the various cases that we will discuss in the paper: Tevatron Run II, LHC 7, 8 and 14 TeV. A correlation whose absolute magnitude is close to 1 indicates that variations of PDFs with a particular value of x will in turn translate into cross-section variations. It is clear from Fig. 1 that for the LHC the top quark cross section directly probes the gluon in the range of x between x = 0.1 and x = 0.5, where gluon PDF uncertainties are relatively large.
The outline of this paper is as follows. In Sect. 2 we discuss the settings of the calculation and the treatment of the various theoretical uncertainties. In Sect. 3 we provide up-to-date predictions for the tt cross section at the Tevatron and LHC and compare with the most recent experimental data. In Sect. 4 we quantify the impact of the available top data on the gluon PDF, show how it reduces the gluon PDF's large-x uncertainties, 
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Correlation between PDFs and Cross-Section Figure 1 . The correlation between the gluon PDF (left plot) and the up quark PDF (right plot) from NNPDF2.3 with the total NNLO+NNLL top quark production cross sections at the Tevatron and the LHC for different center of mass energies. The correlations are computed for Q = m t = 173.3 GeV.
and study the phenomenological consequences of this improvement. In Sect. 5 we provide up-to-date predictions for the ratio of top quark cross sections between 7, 8 and 14 TeV and in Sect. 6 we provide predictions for a heavy top-like fermion T .
Settings
In the following we present the settings of the computation. We use the program Top++, v2.0 [36] to evaluate the total top quark production cross section at NNLO+NNLL accuracy. We use as input the most up-to-date NNLO PDF sets from each PDF collaboration: ABM11 [37] , CT10 [38] , HERAPDF1.5 [39] , JR09 [40] MSTW08 [41] and NNPDF2.3 [42] . The value of α s (M Z ) is set to the preferred value of each group, respectively 0.1134, 0.118, 0.1176, 0.120, 0.1171 and 0.118. For NNPDF2.3 we use the set with a maximum of N f = 5 active flavors. When providing the predictions for each PDF set, we will use the default α s in each case, while later in Sect. 3.3 we will explore the dependence of the results on the strong coupling as α s is varied. A detailed benchmark comparison of these five NNLO PDF sets was recently presented in [43] , where the similarities and differences between each of the five sets are discussed.
We consider the following sources of theoretical uncertainties in the top quark pair production cross section:
• Higher perturbative orders.
The central scales of the NNLO+NNLL computation are set to µ R = µ F = m t . As customary, we explore the effect of missing higher perturbative orders by varying the scales independently by a factor of two upwards and downwards, with the constraint that the ratio of the two scales can never be larger than two. The envelope of the resulting cross section defines the scale uncertainty of the computation. As shown in Ref. [1] , scale variations at the LHC with the full NNLO+NNLL result are substantially smaller that with the NLO or previous approximated NNLO computations.
• Parton Distributions.
We use the corresponding prescription from each group to provide the 68% confidence level PDF uncertainties. For the Hessian sets, we use the asymmetric expression for PDF uncertainties [44] . The CT10 errors are rescaled by a factor 1.642 since they are provided as 90% CL. In the case of HERAPDF1.5, we consider only the experimental uncertainties, but not the model and parametrization uncertainties. 2 Parton distributions are accessed through the LHAPDF interface, version 5.8.9 [48] .
• Strong coupling constant.
We assume the 68% CL uncertainty on α s (M Z ) to be ∆α s = 0.0007, as indicated by the 2012 PDG average [45] . For each PDF set, we add in quadrature PDF and α s uncertainties, except for ABM11 and JR09, where α s errors are already part of the total PDF uncertainty, and thus we avoid double counting. For Hessian PDF sets the addition in quadrature of PDF and α s uncertainties is known to be exact [46] , while for Monte Carlo sets it is a good approximation [47] . The slope of the cross section with α s for each PDF set is extracted from a linear fit in a common range of α s (M Z ) between 0.116 and 0.120, close to the PDG average and where all PDF groups provide predictions.
• Top quark mass.
We take as central value m t = 173.3 GeV, with an uncertainty of ∆m t = ±1 GeV. This is consistent both with the latest Tevatron average, 3 m t = 173.20± 0.87 GeV, as well as with the 2012 PDG average [45] of the top quark mass m t = 173.5 ± 0.6 ± 0.8 GeV. These masses are to be understood as pole masses. To determine the top-mass related uncertainty δ mt of the top cross section, we compute the central value of the cross-section for top masses in a 1 GeV range around the central value m t = 173.3.
Following the recommendations of the Higgs Cross Section Working Group [50] regarding theoretical uncertainties, we adopt the most conservative method to combine them: we add all parametric uncertainties (PDFs, α s and m t ) in quadrature and then the total parametric error is added linearly to the scale uncertainty to define the total theoretical uncertainty.
The top cross-section: measurements, predictions and uncertainties
With the settings detailed in the previous section, we have computed the cross sections for the Tevatron and the LHC and their associated uncertainties. The most precise experimental measurements of the top cross section are collected in Table 2, while the theoretical  predictions are collected in Tables 3 to 6 . In each case, we provide the NNLO+NNLL predictions for the total top quark cross section, for all the PDFs considered, and with the 2 If the HERAPDF1.5 uncertainties for the tt cross section include the model and parametrization uncertainties the total PDF uncertainty increases to about 20% [43] .
3 See [49] , and the update prepared for the 2013 Rencontres de Moriond QCD, presented by G. Petrillo. Table 2 . For LHC 7 TeV, we quote separately the two most precise measurements from ATLAS and CMS. From ATLAS we use the combination of all channels with luminosities between 0.70 and 1.02 fb −1 [52] , see Table 2 , while for CMS we use the single most precise measurement 4 , obtained in the dilepton channel with a luminosity of 2.03 fb −1 [53] , also given in Table 2 . Note also that a preliminary combination of all channels between ATLAS and CMS for an integrated luminosity of 1.0 fb −1 has been presented in [57] , yielding σ(tt) = 173.3 ± 10.1 pb. For LHC 8 TeV, there are three available measurements, two from CMS, in the dilepton channel, with 2.4 fb −1 [55] and in the lepton+jets channel with 2.8 fb −1 [56] , and one from ATLAS in the lepton+jets channel with, 5.8 fb −1 [54] . We use the CMS dilepton and the ATLAS lepton+jets results, collected in Table 2 .
In Fig. 2 we show the predictions from each PDF set compared to experimental data. The x-axis is the reference value of α s for each PDF set. The inner error bars correspond to the linear sum of scale and PDF uncertainties, while the outer error bar is the total theoretical uncertainty including also the contributions from δm t and δα s . 5 Similar comparisons of the PDF and α s sensitivity of σ(tt), based on previous approximate NNLO calculations, have been reported in Refs. [10] [11] [12] .
In the remainder of this section we comment on various features of the above results. 4 In this case, given that the dependence of the measured total cross section with mt (which enters through the acceptance correction) is provided, we have rescaled the central value of the data to the same value of the top quark mass used for the theory computations, mt = 173.3 GeV. Other cross-section measurements do not provide this information but rather include the δm t uncertainty in the computation of the acceptances as part of the total systematic uncertainty. 5 The inner error bar can thus be compared directly to previous phenomenological studies, which consider only PDF and scale uncertainties. 
Comparison between the various PDF sets
We notice that the results for NNPDF2.3, CT10, MSTW08 and HERAPDF1.5 are all close to each other, both in central values and theoretical uncertainties. JR09 leads to similar central values, despite the smaller value of α s , but is affected by larger PDF+α s uncertainties. On the other hand, the ABM11 predictions are lower compared to other sets and to experimental data. Fig. 1 suggests that similarities or differences in the total cross section can be understood in terms of the large-x behavior of the gluon PDF, together with the value of α s used by each PDF set.
The agreement between CT, HERAPDF, MSTW and NNPDF can be traced back to (a) a similar default value of α s used and (b) a similar large-x gluon PDF [43] . On the other hand, regarding the differences between ABM11 and the other sets, we note (a) the smaller value of α s used by ABM11 and (b) the softer large-x gluon PDF in the region relevant for top quark production [43] . As shown below in Fig. 3 , using a value for α s closer to the PDG average would improve the agreement of the ABM11 set both with other PDF sets and with experimental data, though the ABM11 predictions at the LHC are still lower than that of other sets even for a common α s value.
To understand the differences in the large-x gluon in ABM11 as compared to other sets, Refs. [61, 62] have suggested that the reason is that, keeping everything else fixed, the use of a fixed-flavor number scheme in a fit to deep-inelastic data (such as ABM11) leads to a softer large-x gluon as compared to the gluon obtained in PDF fits based on variable-flavor number schemes [58] [59] [60] . On the other hand, the differences between the various implementations of variable-flavor number schemes translate into much reduced differences in the PDFs [61] and thus into the top cross sections.
In order to quantify the agreement of data and theory, in the absence of theoretical Table 4 . Same as Table 3 for LHC 7 TeV.
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HERA1.5 252.7 uncertainties, we compute the χ 2 for the central values of the five PDF sets under consideration and for the five available data points of Table 2 : one for the Tevatron, two for LHC 7 TeV and two for LHC 8 TeV. For each of the five PDF sets studied, the χ 2 is defined as 1) with N dat = 5. We consider all five data points as fully uncorrelated. 6 In addition, to quantify the overall consistency of theoretical predictions with experimental data, we Table 6 . Same as Table 3 for LHC 14 TeV. Figure 2 . The best predictions from each PDF set compared to experimental data, as a function of the default α s (M Z ) value. The inner error bar corresponds to the linear sum of PDF and scale uncertainties, while the outer error bar is the total theoretical uncertainty, computed as described in the text. define a pull estimator as follows,
where now in the denominator we add in quadrature the experimental and theoretical total uncertainties. For simplicity we have symmetrized the total theoretical systematic error for each PDF set. The results for both the χ 2 and the pull are summarized in Table 7 . We provide both the total χ 2 and the individual contribution from the data at the Tevatron, LHC 7 and 8 TeV. As we can see, most PDF sets provide a good description of the total top quark cross section data, with χ 2 /N dat ∼ 1. The pull also shows the good consistency between experimental data and theory prediction for most of the PDF sets considered. 
Uncertainty due to the value of m t
The uncertainty on the value of the top quark mass is now a substantial fraction of the overall systematic uncertainty in the total tt cross section. In Table 8 we compare, for the NNPDF2.3 set, the total theory uncertainty with and without including the uncertainty due to the top quark mass. We see that at the LHC, an uncertainty of δm t = ±1 GeV translates into an increase between 1 and 1.5% of the total theory uncertainty, and into a somewhat larger increase at the Tevatron. Given that PDFs, scale and m t uncertainties are all now of similar size, the total theory error would be only slightly reduced if one assumed that the uncertainty due to m t could be completely neglected, for example after more precise measurements of this parameter at the LHC.
Uncertainty due to the value of α s
In Fig. 3 we show the dependence with α s (M Z ) of the NNLO+NNLL cross sections for each of the various PDF sets. 7 We use consistently the same value of α s (M Z ) in the partonic cross sections and in the PDFs, using all the range of varying α s PDFs provided by each group. We also include for reference the best experimental data. The slope with α s is similar for each of the PDF sets. One can see that a variation of ∆α s by 0.001 increases the cross section by about 0.13 pb (∼ 1.8%) at the Tevatron, 4 pb (∼ 2.3%) at LHC 7 TeV, 6 pb (∼ 2.4%) at 8 TeV and 20 pb (∼ 2.0%) at 14 TeV, with small differences between PDF sets. Tables 3 to 6 ). At the LHC, an uncertainty of δm t = ±1 GeV translates into an increase between 1 and 1.5% of the total theory uncertainty, and a bit more at the Tevatron.
It is also worth noticing that the α s dependence of the total cross section reported in our tables is slightly larger than what one would naively estimate based on the power counting of the partonic cross section. The reason is that, in the range of x relevant for top quark production, the value of the gluon density is larger for PDF fits with a larger α s . This is shown in Fig. 4 , for the specific case of NNPDF2.3, but the behavior is similar for other sets: larger α s leads to smaller g(x) in the small/medium-x region that is controlled by deep-inelastic HERA data, while DGLAP evolution and the momentum sum rule balance this reduction with an increase at larger x. In Fig. 4 we also show the corresponding plot for the case of the up quark density, relevant at the Tevatron. In this case the correlation with α s is rather less marked and of opposite trend as in the case of the gluon.
The net effect of the positive correlation between the gluon PDF and α s at large-x is an enhanced sensitivity to α s of the tt cross section, about 20% larger than what one would have obtained by keeping the PDFs fixed while changing only α s in the partonic matrix element. 8 This fact, together with the small, 2-3%, scale uncertainty of the full NNLO+NNLL result, suggest that the top production cross section could provide a useful independent determination of α s (M Z ). Such extraction would be analogous to the determinations of m t from the same total cross section [15] [16] [17] [63] [64] [65] . The strong coupling can also be determined at the Tevatron and the LHC from jet production [66] [67] [68] , but results are affected by sizable scale uncertainties from the lack of a complete NNLO calculation as well as by non-perturbative corrections. A first determination of α s from the tt cross section, using previous approximate NNLO predictions, has been performed by the CMS Collaboration [69] . 8 An alternative way to conveying in a more quantitative way the information contained in Fig. 4 is to compute the effective αs exponent of the cross section, n eff ≡ d ln σ(tt)/d ln αs, in the two cases, varying the PDF together with αs and keeping the PDFs fixed and varying only αs in the matrix element. At LHC 7 TeV, using NNPDF2.3 we find n eff ∼ 2.7 in the former and n eff ∼ 2.3 in the latter, confirming the effect of the positive correlation between the gluon and αs in the top quark production region. 
Top quark data constraints on the gluon PDF
The gluon PDF is one of the worse known partonic distributions. Deep-inelastic data constrain the gluon only indirectly, via scaling violations, and direct information comes only from collider inclusive jet production data [28] [29] [30] [31] . Recently, the use of isolated photon data has also been advocated to pin down the gluon [32] . However, direct constrains at hadron collider from photon and jet data are affected by substantial scale uncertainties due to the missing full NNLO result, and are complicated by various non-perturbative uncertainties. The availability of a full NNLO calculation makes the total top pair cross section the only collider observable which, at present, is both directly sensitive to the gluon PDF and can be consistently included in a NNLO QCD analysis. The fact that non-perturbative corrections are much reduced in the total top quark production cross-section as compared to photons and jets is another good motivation to use tops as probes of the gluon PDF. The possibility of using top cross section data in PDF analysis was already discussed at the qualitative level in Ref. [70] . More recently, Ref. [16] provided a first estimate of the impact of top quark data on the gluon PDF based on approximate NNLO results.
In Sect. 3 we have shown at the qualitative level that available data already discriminates between different PDF sets, that is, between different large-x gluon PDFs. Now we will be more quantitative and determine if available data can help in reducing the gluon uncertainties within a single PDF set. In order to quantify this impact, we will use the Bayesian PDF reweighting method of Refs. [71, 72] on the NNPDF2.3 set. 9 The same study could be carried out with Hessian PDF sets as discussed in [74] . In principle, one could also use the top quark differential distributions data from ATLAS and CMS [75, 76] . However, these data are less precise than the total cross section measurement and the corresponding theoretical predictions are currently only available at NLO. 10 Therefore, we have included the N dat = 5 experimental data points available from the Tevatron and the LHC into the NNPDF2.3 NNLO fit. The definition of χ 2 that we use is Eq. (3.1). The effective number of replicas after reweighting (the exponential of the Shannon entropy) is N eff = 86, out of the starting sample of 100 replicas, indicating the moderate constraining power of the data.
The results of adding the top quark data into the gluon PDF are shown in Fig. 5 . We show the NNPDF2.3 NNLO gluon at Q 2 = 100 GeV 2 , in the default fit and after including the Tevatron and LHC top quark production cross section data. We observe that the largex gluon PDF uncertainties decrease. This is expected since in that region the correlation between the gluon and the top-quark cross section is maximal (see Fig. 1 ). In Fig. 5 we also show the relative reduction in PDF uncertainties from the addition of top data. This reduction coincides, within the finite statistics of the original NNPDF Monte Carlo sample, with the correlation profile of Fig. 1 , and in particular confirms that the top quark data have a small impact below x ∼ 0.1 or so, as well as for very large values of x. Therefore, we conclude that the available top data can already help reduce the uncertainties on the gluon PDF by a factor of up to 20%, and are thus an important ingredient to future global PDF analyses. On the other hand, the impact of top data on the quark PDFs is essentially 9 An alternative possibility would have been a direct inclusion of the top quark data in the NNPDF framework using MCFM code together with the fast interface for tt production provided by APPLgrid [73] . This fast interface will be used in future NNPDF releases which will include relevant top quark production data. 10 For some specific differential distributions, results at NLO supplemented by threshold resummation are available, see [9, 77] and references therein. negligible.
It is interesting to study the modifications of the theory predictions after the top quark data have been added into the NNPDF2.3 fit. In Table 9 we show the tt cross section for NNPDF2.3, comparing the default prediction with the predictions after adding different subsets of the top quark data. We show only the entries which correspond to pure predictions. By including top data from lower energy colliders, we can provide arguably the most accurate theoretical prediction for the total tt cross section at higher energies, given that PDF uncertainties will be reduced in the same kinematical range from lower energy data. 11 These predictions are collected in Table 9 . As an illustration, the NNPDF2.3 prediction including Tevatron and LHC 7 top data would be the best available theory prediction for LHC 8 TeV. Note that not only PDF uncertainties are reduced, but that also the central value is shifted to improve the agreement with the experimental data. As can be seen, the precise 7 TeV data carry most of the constraining power, though of course improved power of the 8 TeV data will be provided with the analysis of the full 2012 dataset.
Then in Table 10 we provide NNPDF2.3 χ 2 compared to the top quark data, before adding any data, after adding all Tevatron and LHC data and adding only the Tevatron and LHC 7 TeV data points. The slight improvement of an already good quantitative description can be seen. As expected, the agreement of the prediction with LHC8 data, when only Tevatron and LHC7 data are used, is a non-trivial consistency check of the whole procedure. 12 Given that the constraints from top quark data in a global PDF fit such as NNPDF2.3 are already substantial, we expect even larger constrains in PDF sets based on reduced 11 Note that, as shown by Fig. 1 , the typical x ranges covered by the theory predictions at LHC 7, 8 and 14 TeV are quite similar, justifying the extrapolation of lower LHC energy data to improve the theory predictions at higher LHC center of mass energies. 12 The small change of the χ 2 between TEV+LHC data and TEV+LHC7 data is due to statistical fluctuations, reflecting the fact that the 8 TeV data are still not precise enough to provide constraints on the gluon PDF. datasets. To quantify the impact of top data into a DIS-only PDF fit, we have performed a similar analysis as the one with NNPDF2.3, but now starting from a PDF set based on a reduced dataset, the NNPDF2.1 HERA-only set [78, 79] . As the name indicates, this PDF set includes only HERA data, and thus is affected by larger PDF uncertainties than the NNPDF global fits, in particular for the large-x gluon.
In Fig. 6 we compare first of all the gluon from the NNPDF2.1 HERA-only fit with that of the NNPDF2.1 global fit, to show the large differences in PDF uncertainties due to the reduced dataset in the former case. Then we show the improvements in the gluon PDF in the HERA-only fit after the addition of the top quark data. It is clear that the impact is substantial. Remarkably, the top quark data bring the gluon from the HERA-only fit closer to the gluon from the global fit.
Impact on predictions for BSM particle production
Many scenarios of BSM physics predict the production of massive final states in gluoninitiated processes. The improvement in the large-x gluon PDF uncertainties seen in Fig. 5 implies a similar improvement in any cross section that is dominated by initial-state gluons in a similar kinematical region. Production kinematics determines that any high-mass final state that is gluon initiated will benefit from the improvement in PDF uncertainties. Therefore, now we explore in two cases the phenomenological implications of the improved large-x gluon: the production of heavy Kaluza-Klein resonances in warped extra dimensions scenarios, and the PDF uncertainties in the high invariant mass distribution of top quark pairs.
To begin with, we have considered Kaluza-Klein massive graviton production in warped extra dimension scenarios [20] , in particular in the so-called bulk models in which the coupling of the graviton to fermions is suppressed, and thus production is driven by gluon-gluon annihilation [21] . We have computed the cross sections for Randall-Sundrum graviton production at the LHC 8 TeV at leading order using the MadGraph5 program [80] , for a range of values of the graviton mass M G . The improvement in theoretical (PDF) uncertainties in the graviton production cross section thanks to top quark data is shown in Fig. 7 . We see that, to begin with, PDF uncertainties are large, almost 40% for M G = 3 TeV, and growing as we approach the kinematic threshold, reflecting our lack of knowledge of the large-x gluon PDF. The top quark data reduce moderately the production uncertainties. Of course, future, more precise top data will render these constraints more stringent, which in turn translate into the possibility of better characterizing eventual BSM high mass particles that the LHC could find. Similar improvements are found for 14 TeV.
The second example is the high mass tail of the invariant mass distribution in topquark production, relevant for many BSM searches [22, 23] , which is also related with the top quark forward-backward asymmetry measured at the Tevatron. One example is the searches for heavy resonances that decay into a top-antitop pair [81] [82] [83] [84] . To study the impact of the improvement of gluon PDF uncertainties there, we have computed top quark pair production with the aMC@NLO program [85] [86] [87] , at NLO matched to the Herwig6 shower [88] . The renormalization and factorization scales are set equal to the sum of transverse masses of all final-state particles. Using NNPDF2.3, we have evaluated the cross section with a cut in the minimum invariant mass of the tt pair, M tt , before and after including the top quark data into the PDF fit. We show the results in Fig. 8 , for the absolute cross section (left) and for the relative scale and PDF uncertainties (right) as a function of the minimum value of M tt allowed.
As we can see, the addition of the total tt cross section data reduces the PDF uncertainty in the high-end tail of the tt mass distribution. It must be remarked that the data in Figure 7 . The PDF uncertainties for the production of Randall-Sundrum Kaluza-Klein gravitons at the LHC 8 TeV, with NNPDF2.3 before and after including the top quark data, as a function of the graviton mass M G . We have assumed that the graviton couples only to gluons. The cross section has been computed at leading order with MadGraph5. Figure 8 . Left plot: the tt cross section above a minimum value of the tt invariant mass M tt , computed with aMCatNLO with the Herwig parton shower, and the NNPDF2.3 as input set, at the LHC 8 TeV. The error band is the PDF uncertainty band. Right plot: the relative scale and PDF uncertainties for the cross section of top quark pairs with invariant mass above M tt,min , at LHC 8 TeV. In both cases we show the predictions with NNPDF2.3 before and after including the top quark data into the PDF fit.
this high-mass tail are only a negligible fraction of the total tt cross section, and therefore do not play any role in the PDF fit itself. The PDF fit including σ(tt) reduces the gluon uncertainty at large x only because of the overall constraints on the PDF evolution, which correlate the x behavior in the x ∼ 0.1 region (which dominates the total production cross section) and the large-x region, which is relevant to the high-mass behavior.
As in the case of dijet cross sections, we expect that rate measurements in kinematical regions where, for example, the tt system has a large rapidity, can be used to further improve the knowledge of large-x gluons, and improve even more the precision of predictions for the production of large-mass objects in gg-initiated channels.
Cross-section ratios between different LHC beam energies
The measurement of cross-section ratios between different center of mass energies at the LHC has two main motivations [89] : first, they are interesting for precision SM studies and second, they have the potential to enhance the possible BSM sensitivity of absolute cross sections. In Ref. [89] , results for top quark cross sections based on NLO+NNLL theory were provided; here we update them to NNLO+NNLL and compare them with experimental data.
First of all we show the correlations between PDFs and the cross-section ratios in Fig. 9 . We see that the PDF correlation is approximately the inverse of that of the absolute cross sections, shown in Fig. 1 . The reason for this anti-correlation at large x is that when going to higher energies, the average probed values of x are smaller. Using the same settings as before, we now provide NNLO+NNLL predictions for the cross-section ratios in Tables 11 and 12 . We note that all systematic theoretical uncertainties are small: in the ratio between 8 and 7 TeV the total theory uncertainty is at the permille level, while in the ratio between 14 and 8 TeV, the total error on the ratio is at most around 2%. This is dominated by PDF uncertainty, which is four times larger than the combined scale, α s and m t uncertainties. Notice the great improvement due to the NNLO result: in the NLO+NNLL analysis of top cross-section ratios of Ref. [89] , scale and PDF uncertainties were of similar size. We note that, as can be seen from Table 12 , in the case of the 14 over 8 TeV ratios the differences between PDF sets are at the level of 10%. Therefore, such measurement would provide powerful PDF constraints even within the foreseeable experimental accuracies.
We have checked that the results computed at NNLO+NNLL with NNPDF2.1 are fully consistent with the computation of Ref. [89] , performed at NLO+NNLL accuracy. This proves the reliability of the theoretical uncertainty on the cross section ratios for tt production presented in [89] , and underscores the stability of this ratio under higherorder corrections. Indeed, central values and PDF uncertainties are unchanged, while scale uncertainties are further decreased. For instance, at NLO+NNLL the scale uncertainty in Note that while ATLAS is higher than CMS at 8 and 7 TeV, this trend is inverted in the cross section ratio.
If no such correlation between the systematic uncertainties is assumed we get
which illustrates the importance of maximizing the cancellation of systematics. This requires a dedicated strategy for the ratio measurement, rather than simply combining data at two different energies.
We compare graphically the theoretical predictions for the ratios between 8 and 7 TeV and 14 and 8 TeV in Fig. 10 . In the first case, we also show the estimate of the ATLAS and CMS results, assuming full correlation of the systematic uncertainties. Then we show in Fig. 11 the dependence on α s (M Z ) of the NNLO+NNLL cross-section ratios for each of the various PDF sets. The slope with α s for the prediction of each of the PDF sets varies more than for the absolute cross sections, Fig. 3 . However, with the assumed uncertainty on α s , the contribution δ αs to the total theory uncertainty of the cross-section ratios is much smaller than the PDF uncertainty.
Finally, it is useful to provide predictions for the cross section ratios in the case of NNPDF2.3 supplemented by the Tevatron and LHC top data, discussed in the previous section. The results are shown in Table 13 . As can be seen, while the differences are non negligible, they are probably well beyond foreseeable experimental accuracies. This is expected since cross-section ratios are mostly sensitive to more dramatic differences between PDF sets, such as those between AMB11 and the other sets in the case of the 14 over 8 TeV cross-section ratio, as shown in Fig 10. 6 Hypothetical fourth-generation heavy quark production at the LHC Following Ref. [8] , we provide also the total cross section at NNLO+NNLL accuracy for a pair of hypothetical heavy fourth-generation quarks, belonging to the fundamental representation of SU (3). Such new massive fermions arise naturally in BSM theories with strongly-coupled dynamics. We denote these hypothetical heavy fourth-generation quarks by T . Our aim is to assess the scale and PDF uncertainties affecting the QCD contribution to the production of such heavy fermions using the most up-to-date theoretical inputs. We have used both MSTW2008 and NNPDF2.3 NNLO PDFs as input in the computation, and provide predictions for masses M T in the range between 200 GeV and 1.3 TeV. The PDF and scale uncertainties are defined as in Sect. 3, with the difference than now the central renormalization and factorization scales are set to the heavy quark mass, µ F = µ R = M T .
The numerical results for the total cross sections and associated scale and PDF uncertainties have been tabulated and they are available in the source of the arXiv submission of this paper. 13 In Fig. 12 (left) we show the production cross sections at LHC 7 and 8 TeV as a function of M T , where the uncertainty band is the linear sum of scale and PDF uncertainties. The MSTW08 PDF set was used as input. In Fig. 12 (right) we also show the relative PDF and scale uncertainties, at the LHC 8 TeV. We notice that for large heavy fermion masses M T ≫ m t , PDF uncertainties become the dominant source of theoretical error. 13 The data files are heavyfermion 7tev mstw08.data, heavyfermion 8tev mstw08.data, heavyfermion 7tev nnpdf23.data and heavyfermion 7tev nnpdf23.data. Figure 13 . Same as Fig. 12 (right) , now comparing the predictions of MSTW08 and NNPDF2.3. Only PDF uncertainties are shown.
NNLO+NNLL
Another useful comparison is provided by the PDF dependence of the hypothetical heavy fourth-generation quark production cross section. In Fig. 13 we compare, as a function of M T , the predictions for the NNLO+NNLL cross-sections in MSTW08 and NNPDF2.3. Only PDF uncertainties are shown. While the two uncertainty bands overlap, the envelope of the two sets is substantially larger than the bands of the individual sets. The NNPDF2.3 predictions are smaller than the MSTW08 ones, by about 1-sigma, for M T ≥ 400 GeV.
Summary and outlook
In this work we have presented a detailed assessment of the theoretical systematic uncertainties that affect the total top quark pair production cross section at hadron colliders. We have also compared the theoretical predictions with the most recent experimental data from the Tevatron and the LHC 7 and 8 TeV, and provided predictions for LHC 14 TeV.
For our analysis we have used the most precise perturbative and non-perturbative information available, in particular the recently computed NNLO+NNLL cross sections and the most up-to-date NNLO PDF sets. Thanks to the significantly reduced scale dependence of the full NNLO calculation, now the three main sources of theoretical uncertainty, scales, PDFs and the top quark mass, are roughly of the same size, around 2-3%. We find that most PDF sets agree both in their central values and in the size of their PDF uncertainties.
Given the high accuracy of the perturbative tt cross section, we have demonstrated that the available data provide a strong constraint on existing NNLO PDF sets, in particular on the large-x gluon PDF. The inclusion of Tevatron and LHC top quark data in the NNPDF2.3 set results in a reduction on the large-x gluon PDF uncertainty, which has further important phenomenological consequences. We have explicitly studied two such cases, both relevant for BSM searches: high mass graviton production in warped extra dimensions scenarios, and the high mass tail of the top pair invariant mass distribution. We have also given updated predictions for the pair production of a hypothetical fourthgeneration heavy quark T , which should be helpful in interpreting the results of ongoing experimental searches [90] [91] [92] .
For completeness, we have also provided up-to-date predictions for the cross-section ratios of σ tt at different LHC center-of-mass energies.
To conclude, we emphasize that the availability of the NNLO calculation for the total tt cross section makes top pair production the first hadron collider process which is both directly sensitive to the gluon PDF and can be included consistently into a NNLO global PDF analysis without any approximation. This leads us to believe that top quark data will be an important ingredient of future PDF fits, especially as more precise data on the total cross section and on various differential distributions becomes available.
